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^ ■ ABSTRACT 

7-H ! We study the spectroscopic properties and environments of red (or passive) spiral 

7— I ■ galaxies found by the Galaxy Zoo project. By carefully selecting face-on, disk dom- 

inated spirals we construct a sample of truly passive disks (i.e. they are not dust 
f— ^ reddened spirals, nor are they dominated by old stellar populations in a bulge). As 

■ such, our red spirals represent an interesting set of possible transition objects between 

Q\ [ normal blue spiral galaxies and red early types, making up ~ 6% of late-type spirals. 

. We use optical images and spectra from SDSS to investigate the physical processes 

k" ' which could have turned these objects red without disturbing their morphology. We 

. ,_h | find red spirals preferentially in intermediate density regimes. However there are no 

i obvious correlations between red spiral properties and environment suggesting that 

' environment alone is not sufficient to determine if a galaxy will become a red spiral. 

Red spirals are a very small fraction of all spirals at low masses (A/* < 1O 1O M ), but 
are a significant fraction of the spiral population at large stellar masses showing that 
massive galaxies are red independent of morphology. We confirm that as expected, red 
spirals have older stellar populations and less recent star formation than the main 
spiral population. While the presence of spiral arms suggests that major star forma- 
tion cannot have ceased long ago (not more than a few Gyrs), we show that these 
are also not recent post-starburst objects (having had no significant star formation in 
the last Gyr), so star formation must have ceased gradually. Intriguingly, red spirals 
are roughly four times as likely than the normal spiral population to host optically 
identified Seyfert/LINER (at a given stellar mass and even accounting for low lumi- 
nosity lines hidden by star formation), with most of the difference coming from objects 
with LINER-likc emission. We also find a curiously large optical bar fraction in the 
red spirals (70 ± 5% verses 27 ± 5% in blue spirals) suggesting that the cessation of 
star formation and bar instabilities in spirals are strongly correlated. We conclude by 
discussing the possible origins of these red spirals. We suggest they may represent the 
very oldest spiral galaxies which have already used up their reserves of gas - probably 
aided by strangulation or starvation, and perhaps also by the effect of bar instabilities 
moving material around in the disk. We provide an online table listing our full sample 
of red spirals along with the normal/blue spirals used for comparison. 
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1 INTRODUCTION 

The advent of large galaxy surveys like the Sloan Digi- 
tal Sky Survey (SDSS) in which photometry (and there- 
fore colours) are readily available for millions of objects 
has lead to the common use of optical colo urs to define 
"earl y" and "late" 



ing HST mor phologies IWolf et all (|2009D . rest frame NUV- 



ty pe galaxy samples (e.g . IS 
aHl2008l; ILee fc Pen! [20071; [c 



Simon et al 



roton et al 



20091 ; Salimbcni et 

20071 ; iBundv et al.ll2006l ; ICooravll2005l ). This method is par- 
ticularly favoured since obtaining morphologies for large 
numbers of galaxies has until recently been impossible. This 
simplification is justified since it has been shown many 
times that the majority of galaxi es follow a str i ct co lour- 
morphology relation. For example iMignoli et al.l l|2009h ar- 
gued that 85% of galaxies to z~l are either red, bulge- 
dominated galaxies or blue, disk dominated galaxies; while 
IConselicd (2006) showed a similar result for 22000 low red- 
shift galaxies (both using automated methods for morpho- 
logical classification) . 

However the clear correlation between colour and mor- 
phology is surprising, given that the colours of galaxies are 
determined primarily by their stellar content (and there- 
fore their recent star formation history, mostly within the 
last Gyr) while the morphology is primarily driven by the 
dynamical history. The clear link between colour and mor- 
phology then gives a strong indication that the timescales 
and processes which drive morphological transformation and 
the cessation of star formation are strongly related - at least 
in most cases. In this paper however, we consider a class 
of object (the red spirals) where the link described above 
appears to be broken. 

Since the morp hology-density relation was first quanti- 
fied (|Dresslerlll98m many mechanisms have been proposed 
for the transformation of blue, star forming, disk galaxies 
in low density regions of the universe, to red, passive, early 
type galaxies in clusters. A recent review of many of the pro- 
posed mecha nisms, and the evi d ence supporting them, can 
be found in iBoselli fc Gavazzil l|2006j) . Clearly two things 
must happen for a star forming blue spiral galaxy to turn 
into a passive red early type. First, star formation must cease 
(which can indirectly alter the morphology by causing spi- 
ral arms and the disk in general to fade, possibly producing 
an SO or lenticular from a spiral), and secondly, in order to 
produce a bona fide elliptical the same, or a different pro- 
cess must also dynamically alter the stellar kinematics of the 
galaxy. 

The presence of an unusually red or passive (i.e.. non- 
star forming) population of spiral galaxies i n clu sters of 
galaxies was first noticed by Ivan den Berghl (|l976l ) in the 
Virgo cluster. Later studies of distant cluster galaxies in 
Hubble Space Telescope (HST) imaging also revealed a sig- 
nificant number of so-called "passive" spiral galaxies with a 
lack of on-going star formation (Couch et al. 1998; Dressier 
et al. 1999; Poggianti et al. 1999). Passive late-type galax- 
ies were identifi ed at lower redshifts in the outskirts of 
SDSS clusters bv lGoto et all |2003), using concentration as 
a proxy for mor phology. Passive spir als in a cluster at z ~ 0.4 
were studied bv lMoran et al.l (|2006h who found star forma- 
tion histories from GALEX observations consistent with the 
shutting d own of star forma tion from strangulation (as de- 
scribed by lBekki et al.l |2002h. Passive spirals have also been 
revealed in a cluster at z ~ 0.1 in the STAGES survey, us- 



optical SEDs (IWolf et al.ll2005l ) and 24/im data from Spitzer 
l|Gallazzi et al.ll2009l ). In that series of papers, "dusty red 
late-types" and "optically passive late-types" are found to 
be largely the same thing, with a non-zero (but significantly 
lowered) star formation rate revealed by the IR data. 

Red spirals/late types have been studied in sev- 



eral recent papers |Lee et al.| 20081; Deng et alj 120091 ; 



Hughes fc Corte sc 2009; Cortese "fc Hughedl2009l )~as well as 
Mahaian fc Ravchaudhurvl ( 20091 ) who talk about blue pas- 
sive galaxies {i.e. galaxies with blue colours, but showing no 
indication of recent star formation in their spectra) which 
mostly appear to have late type morphologies and have very 
recently shut down star fo rmation. These mig ht be the pro- 
genitors of the red spirals, feundv et al.l (|2010h have studied 
the redshift evolution of red sequence galaxies with disk like 
components in COSMOS and use it to estimate that as many 
as 60% of spiral galaxies must pass through this phase on 
the way to the red sequence - making it an important evo- 
lutionary step. 

The Galaxy Zoo project (|Lintott et al.l [2008h revealed 
the presence of a significant number of visually classified 
spiral galaxies which are redder than the blue cloud (be- 
tween 16-28 % of the total galaxy population depending on 
environment, iBamford et~atl 120091 ). In this paper we study 
in more detail the physical properties and environments of 
this population of red spiral galaxies. Galaxies drawn from 
this population have the morphological appearance of spiral 
galaxies with a distinct spiral arm structure, but have rest- 
frame colours which are as red as a typical elliptical galaxy, 
indicating little or no recent star formation activity. We are 
studying these objects in order to identify the physical pro- 
cess which is most important in their formation. 

It is clear that all spiral galaxies can be affected by 
various physical processes as they evolve - in this paper 
we attempt to identify which are most important for red 
spirals, asking how they are able to shut down star for- 
mation while retaining their spiral morphology. A list of 
possible mechanisms includes processes that depend on en- 
vironment such as: (1) galaxy-galaxy interactions: in high 
density regions there is an increased probability of interac- 
tion with other galaxies. Most maj or mergers destroy spiral 
structure (|Toomre fc Too mrc 1972) unless they involve very 
gas rich progenitors (|Hopkins et al.ll2009h . but some inter- 
actions can be quite gentle {e.g. Walker, Mihos & Hern- 
quist 1996), for example minor- mergers, tidal interactions 
etc. (2) Interaction with the cluster itself also occurs and 
can remove the gas which forms the reservo ir for star for - 
mation. This can be due to tidal effects (e.g. lGnedinll2003l ). 
or interaction with t he hot intercluster gas, e ither through 
thermal evapor ation dCowie fc Songailal 19771 ) or ram pres- 
sure stripping dGunn fc GottHl972l ). (3) Processes like har- 
rassment (Mo ore et alj 1999 | ) and starvati on or strangula- 
tion |Larson et al. I ll980l ; iBekkiet al.ll2002l ) have also been 
shown to have a significant effect on late type galaxies. Har- 
rassment refers to the heating of gas by many small in- 
teractions, while starvation or strangulation refers to the 
gradual exhaustion of disk gas after the hot halo has been 
stripped away. These mechanisms both occur at much larger 
cluster radii (i.e. lower densities) than the "classic" envi- 
ronmental effects. Internal mechanisms could be more im- 
portant. For example, (4) the latest semi-analytical mod- 
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els of galaxy formation all invoke feedback from a central 
massive black hole (or active galactic nuclei ; AGN) to ex- 
plain the most massive red elliptical galaxies ([Granato et al.l 
20041: [ Silk 2005l: jSchawinski et alJl200d : ICroton et all 120061 
Bower et al.l I2006T ). although the effect of this process on 
disk galaxies has been studied less, it still may have some 
effect (Okamoto, Nemmen & Bower 2008). (5) Another cul- 
prit could be bar instabilities in spiral galaxies which drive 
gas inwards (eg. Combes & Sanders 1981) and may trigger 
AGN activity and/or central star formation (eg. Shlosman et 
al. 2000), perhaps using up the reservoir of gas in the outer 
disk and making spirals red. (6) Finally red spirals could 
simply be old spirals which have used up all their gas in 
normal star formation activities without having any major 
interactions. In normal spirals, the gas that feeds ongoing 
star formation comes from infall of matter from a reser- 
voir in the outer halo (|Boselli fc Gavazzill200q ). As first sug- 
ges ted by Larson, Tin sley & Caldwell (1980) and expanded 
by iBekki et ail (|2002T ) the removal of gas from this outer 
halo ( "strangulation" , or "starvation" ) will cause a gradual 
cessation of star formation proceeding over several Gyrs. 

We describe the sample and data along with the se- 
lection of the "red spirals" in more detail in Section 2. In 
Section 3 we discuss the stellar populations and star forma- 
tion history of the red spirals. In Section 4 we discuss their 
environment and the environmental dependence of star for- 
mation. The impact of AGN is considered in Section 5, and 
bar instabilities are discussed in Section 6. In Section 7 we 
discuss the plausible mechanisms for formation of the red 
spirals and future directions which could be taken to distin- 
guish between them. We present a summary and conclusions 
in Section 8. The adopted cosmological parameters through- 
out this paper are Q m = 0.3, Q.a = 0.7 and Ho = 70 km s _1 
Mpc" 1 . 



2 SAMPLE SELECTION AND DATA 

The sample of visually classified spiral galaxies used in this 
paper is drawn from the Galaxy Zoo (GZ1) clean catalogue 
(Lintott et al. 2008) which, by an order of magnitude, is 
the largest morphologically classified sample of galaxies. To 
make this unprecedented sample, over 160,000 volunteers vi- 
sually inspected images of SDSS galaxies independently via 
an internet tool (the origi nal GZ1 sample was selected from 
the SDSS Data Release 6; lAdelman-McCarthv et al.ll2008h . 
For more information on the classification process in GZ1 
and the conversion of multiple classifications per galaxy to 
redshi ft bi as corrected type "like lihoods" see iLintott et al.l 
(2008) and iBamford et all <|2009h . In brief, we use the spi- 
ral likelihood p sp i r ai and (in order to tell if the spirals have 
visible spiral arms) the quantities pew and pacw which de- 
scribe how likely the spiral is to have "clockwise" or "anti- 
clockwise" arms respectively. 

We make a volume-limited sample of galaxies from the 
GZ1 catalogue b y selecting only obje cts from the SDSS Main 
Galaxy Sample IjStrauss et al 2002) with spectroscopic red- 
shift between 0.03 < z < 0.085 and by limiting the sample 
to an absolute magnitude of M r < —20.17. This redshift 
range is picked to remove problems with peculiar velocities 
at the low redshift end (which would bias distance dependent 
quantities) and the upper limit is chosen as a compromise 



between sample size and luminosity range, (and also a red- 
shift up to which reliable local densities - see below - are 
available) . 

Our photometric quantitie s are taken from the SDSS 
DR6 lAdelman-McCarthv et all (|200.8). We use model mag- 
nitudes for colours, and Petrosian magnitudes for total lumi- 
nosities. We also make use of shape/structural parameters 
from SDSS, namely the axial ratio (a/b) from the r-band 
isophotal measurement which is used as a proxy for disk in- 
clination; and fracdeV (or /dcv) - the fraction of the best 
fit light profile which comes from the de Vaucouleurs fit (as 
opposed to the exponential fit) and which is used as a proxy 
fo r bulge size in these v isually classified spirals (as discussed 
in IMasters et al"1l2010r i . 

SDSS 3" fibre spectra are available for all galaxies 
in our sample. We use equivalent widths (EW) and ab- 
sorption line indices measured for SDSS DR7 spectra by 
the MPA-Garch ing group whose methods are described in 
iTremonti etafl (|2004l 1 T l. 

As an estimat e of st ellar mass, we use the empirical 
fit in iBaldrv et all |2006l ) which gives a stellar mass-light 
ratio in the r-band as a function of the (u — r) colour of 
the galaxy (base d on ca lculat ions of stellar masse s from 
iKauffmann et all J2003al) and iGranato et all ((2004) using 
the iBruzual fc Charlotl (2003) stellar population models). 
Obviously this is an oversimplification of the calculation of 
stellar masses, not taking into account the varied star forma- 
tion histories of galaxies with the same colour and luminos- 
ity; however the method does have the advantage of being 
simply related to only two measured physical properties of 
the galaxies (colour and luminosity). 

The local galaxy densities used in this paper are identi- 
cal to those used in Bam ford et al. (20 9). T he details of the 
method are described in lBaldrv et all (|2006l ). Briefly, Ejv is 
determined by N/ (tv d%), where djv is the projected distance 
to the Nth nearest galaxy (with M r < -20) within cz±1000 
km s . The final value used, E, is the average of Eat for 
N = 4 and 5. These local densities include a correction for 
redshift incompleteness due to fiber collisions by considering 
the photometric redshift likelihood distributions for galaxies 
without spectra. Typical values of S range from 0.05 Mpc -2 
in voids to 20 Mpc~ 2 in clusters |Baldrv et alj|2006h . 

2.1 Selection of Red Spiral Galaxies 

We wish to select from the GZ1 volume limited sample a 
subset of truly passive red disk-dominated spiral galaxies 
(i.e. not dust reddened, nor red because they are domi- 
nated by bulge emission). We use a cut in the spiral likeli- 
h ood (corrected for the small bias described in the Appendix 
of lBamford et al.ll2009l ) of p sp irai > 0.8. Two things can com- 
plicate the picture in a sample selected purely by colour and 
spiral likelihood: 

(i) Dust reddening of edge-on spiral galaxies 

(ii) Contamination by early-type spirals and/or SOs. 

IMasters et al. I (|2010h show that the impact of dust redden- 
ing can be significant for inclined spiral galaxies, and that 
spiral galaxies with large bulges (as measured by fracdev) 

1 http:/ /www. mpa-garching.mpg.de/SDSS/ 
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are intrinsically red. Therefore with no cuts on inclination 
or bulge size, a red spiral sample will be dominated by in- 
clined dust reddened spirals, and spirals with large bulges. 
We choose in this work to study only the most face-on spi- 
ral galaxies, requiring log(a/b) < 0.2. This will minimize the 
impact of dust reddening on the sample (although we note 
tha t even at face-qn spir als can be dust reddened; for exam- 
ple |MasteraiLaDlioi3 

find a median Balmer decrement of 
0.3 ± 0.3 mags in the ce n tres o f face- on GZ1 spirals') . 

Both iLintott et all l|2008l ) and iBamford etHI l|2009l ) 
show that contamination of SOs into the GZ1 clean spiral 
sample should be small - an estimate of 3% contamina- 
tion is made. Furthermore we us e fracDev < 0.5 to s elect 
"disky" spirals. As illustrated in lMasters et al.~l l)2010h us- 
ing a small sample of GZ 1 spirals with B/T from the Millen- 
nium Galaxy Catalogue l)Liske et al.ll2003h this selects spiral 
galaxies with B/T < 0.25, or of types ~Sb-Sc (where this 
relation between typical B/T a nd Hubble type comes from 
ISimien fc de Vaucouleurs1ll98rJ l. One caveat to note here is 
that both fracdeV and B/T are light- weighted quantities, 
so in using the same fracdeV limit for both red and blue 
spirals will results in the red spirals having a slightly lower 
upper limit in bulge mass fraction than the blue spirals. This 
slight bias should only make the conclusions below stronger, 
as the red spirals may on average be more disk dominated 
than the comparison blue spiral sample. 

Finally we require that spiral arms be visible to GZ1 
users, using pew > 0.8 or pacw > 0.8. The presence of spi- 
ral arms gives an indication that these red spirals may have 
only recently stopped forming stars, since spiral structures 
are expected to persist fo r only a shor t time after star forma- 
tion ceases (for example iBekki et al.l l|2002h found that spi- 
rals arms persisted for only a few Gyrs after the gas which 
provides the reservoir for ongoing star formation was re- 
moved) . 

We show in Figure [TJ the colour magitude diagram of 
the "face-on" volume limited clean GZ1 sample. The locus 
of the galaxy population is illustrated by the greyscale con- 
tours, and the positions of visually classified spirals in the 
red sequence are hi-lighted. The best fit to the red sequence 
of early types (p al > 0.8) is (g - r) = 0.73 - 0.02(M r + 20), 
and the scatter is a = 0.1 mags. We therefore define the 
blue edge of the red sequence as 



(g - r) = 0.63 - 0.02(M r + 20), 



(1) 



which is indicated by the solid line in Figure [TJ and define 
a red spiral as one redder than this limit. Since the limit 
depends on magnitude, we point out that in our definition a 
blue spiral with a high luminosity could actually be slightly 
redder than a red spiral with a low luminosity. 

The colour cut used here to sel ect red spirals i s differ - 
ent from than that used by either IBamford et al.l (12001 



who u sed a cut in (u — r) vs. stellar mass; or ISkibba et al 
(2009), who used k-corrected (to z = 0.1) magnitudes, which 
reddens the red sequence by ~ 0.1 mags. Our cut is more 
conservative that either of those papers; they effectively se- 
lect red spirals as being redder than most of the blue cloud, 
while we select red spirals to be as red as most elliptical 
galaxies. The difference in the two approaches is especially 
large at the low luminosity /stellar mass end of the galaxy 
population where (as can be seen in Figure 1) the blue cloud 
is significantly bluer than the red sequence. However, the 



major difference in our sample and all previous ones used to 
study passive or red spirals is that we have made an effort to 
remove dust redd ened inclined spirals, which has not been 
done before (e.g . IBamford et al.l l 2009; Skibba et al. 1 120091 ; 
IWolf et al.ll2009l ). 

Our final sample consists of 5433 face-on disky spirals 
with visible spiral arms, 294 of which (or 6%) are classified 
as red. In what follows, we refer to the remaining 5139 spirals 
as our comparison sample a refer to them as either "blue" 
spirals, or "normal" spirals. We provide an electronic table 
listing the SDSS names, positions and optical photometry 
parameters used in this paper for these two samples (our 
red spirals and comparison sample). A sample of this table 
is provided in the Appendix. 

Figure [2] shows the redshift, fracdeV (for bulge size), 
luminosity and stellar mass distributions of the red spirals 
compared to all spirals (in the face-on, disky sample). Red 
spirals are more likely to be found at the higher luminosity 
and larger fracdeV (and hence larger bulge) end of the spiral 
distribution showing that as is well known, luminous spirals 
with large bulges (earlier spiral types) are more likely to 
be red. There is a slight trend with redshift which can be 
explained by effect of the luminosity distribution in a volume 
limited sample. 

As also discovered by I Wolf et alj (|2009l ) . red (or pas- 
sive) spirals are an insignificant fraction of the total spiral 
populatio n at stellar masses below ~ 10 10 Mq (although 
note that IBamford et al.ll2009l shows that in the densest re- 
gions the few remaining low mass spirals are mostly red) but 
are a significant fraction of spirals at large stellar masses. 
This shows that massive galaxies are red independent of 
morphology. However we note here that this mass distri- 
bution may be slightly biased by our decision to classify 
spirals as red only if they are as red as ellipticals. This 
cut biases against low mass red spirals as the blue cloud 
at low masses/luminosities moves further from the red se- 
quence. Our sample is also incomplete for red objects be- 
low 10 10 ' 3 Mq which corresponds to the luminosity limit for 
the reddest objects. Finally, we commen t that the stellar 
pop ulation mode l s of Bruzual fc Charlotl ([2003) on which 
the iBaldrv et al.1 i|2006T ) stellar masses are based, struggle 
to make red low mass objects (since all their red objects 
must be very old, and therefore have very high mass-light 
ratios) so the use of this stellar mass estimate may anyway 
bias high the masses of the redder spirals. A more detailed 
modelling of the star formation history using stellar popula- 
tions which account for the known populations of young red 
stars (the thermally pu lsing asymptoti c giant branch (TP- 
AGB) phase included in lMaras ton 2005) would provide more 
reliable stellar masses for these objects. 

Figure |3] shows example images of red and blue spirals 
from our sample of face-on disky spirals. The blue spirals 
shown have been picked to have similar redshifts and ab- 
solute magnitudes as the red spiral directly above them. A 
range of redshifts are shown. In these gri colour composite 
images the colour difference between red and blue spirals is 
quite clear to the eye. Figure U shows SDSS fibre spectra 
for the same galaxies in Figure [3] (arranged in the same or- 
der) , and even in this small sample it is clear that red spirals 
show less (but not zero) nebular emission from on-going star 
formation than the blue spirals (since they have smaller Ha 
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Figure 1. Colour magnitude diagram of the"face-on" (log(a/6) < 0.2) volume limited clean GZ1 sample. The greyscale contours show 
the location of galaxies in the red sequence and blue cloud. The solid line indicates the blue edge of the red sequence of GZ1 early types. 
All red spirals (having visible spiral arms) are shown colour coded by fracdev (blue: /d c v < 0.1, which roughly corresponds to type Sd; 
green: 0.1 < /d e v < 0.5, or Sb-Sc; orange: 0.5 < /d c v < 0.9, or Sa-SO/a; red: /d g v > 0.9 which are spirals having very large bulges - but 
note that spiral arms are still visible here, so these are not SOs.). Our final red spiral sample selects only those galaxies with foeV < 0.5 
(i. e. the blue and green points) to select against spirals dominated by light from the bulge. 



emission lines) and have older stellar populations (the break 
at ~ 4000A is larger in the red spirals than the blue spirals) . 



3 STAR FORMATION IN RED SPIRALS 

In this section, we use the SDSS fibre spectra to study in 
more detail the star formation history and mean stellar age 
of "red spiral" galaxies with reference to our comparison 
sample of blue spirals. Spectroscopic parameters are ideal for 
studying the stellar content of galaxies. A full star formation 
history model fit to the galaxy spectra is beyond the scope 
of this paper, but absorption line indices such as H5a and 
the 4000A break strength provide information about stellar 
content and recent star formation history of a galaxy, while 
Ha and [Oil] emission lines can indicate the presence of 
recent star formation. 



3.1 Dust Content 

Before proceeding to use the spectral information to study 
the stellar content of the red spirals we first want to check 
the dust content of the red spirals relative to the blue spirals. 
It is possible that the red colours of the spirals could be due 
to an enhanced amount of extinction and reddening from 
dust (even in our specially selected sample of face-on spirals 
designed to minimize dust effects) rather than an ageing 
stell ar populati o n from a lack of recent star formation. In 
fact IWolf et all (|2009h find that ongoing star formation in 
their red spirals is obscured, although we note again that 
their objects include dust reddened inclined spirals which 
we have removed. 

In order to quantify the levels of extinction we com- 
pare the difference in flux between the first two lines in the 
Balmer series (Ha and H/3). The expected flux ratio be- 
tween these lines is Mint = F a fFp = 2.76, and has only a 
mild dependence on the temperature of the gas emitting the 
radiation (from 9ft int = 3.3 at 2500° K to SRint = 2.76 at 
20000° K; IOsterbrock |[l989l ). Therefore, deviations from the 
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Figure 2. This figure shows the fraction of all face-on, disky GZ1 spirals which are found to be red (i.e. Af re< j/Af sp ; ra i) as a function of 
(1) redshift, (2) fracdeV (or bulge size), (3) stellar mass, and (4) r-band absolute magnitude. V77 counting errors are shown. 



expected ratio can be used to measure the relative extinc- 
tion between H a (at 6562.8 A in the r-band) and Hp (at 
4861.3 A in g-band). The relative extinction between these 
two wavelengths in magnitudes is 

E(H?,-H a ) = 2.5108^, (2) 

Stint 

which is equivalent to a colour in narrow band filters at these 
wavelengths. 

In Figure [S] we plot the Balmer decrements from the 
3" SDSS fibre of blue and red spirals as a function of their 
stellar mass. This figure clearly indicates an increase in dust 
content of blue spirals as a function of stellar mass to a max- 
imum at around M ~ 1O 1O,5 M0. The trend is less clear in 
the red spirals where the numbers are significantly smaller, 
but tentatively supports a drop off i n dust content for th e 
highest mass objects (as also seen in iMasters et ai~ll20ld) . 
A negligible number of face-on spirals (either red or blue) 
have zero Balmer decrements in their central regions, show- 
ing that dust reddening always plays some role. However, 



we see no evidence for red spirals having significantly larger 
dust content than blue spirals at a given stellar mass (except 
perhaps in the lowest mass bin of the red spirals) and thus 
argue that the difference in colour is not due to differences 
in the dust content of the two populations. 



3.2 Recent Star Formation History 

Following the method in iKauffmann et all i|2003al ). we use 
the Balmer absorption- line index US a and the D n (4000) 
break to estimate mean stellar ages and recent star-burst 
activity of our sample. 

The observed spectrum of a galaxy is the combination of 
flux from many stars. In galaxies with old stellar populations 
there are a large number of stellar absorption lines (mostly 
from ionized metals) which crowd together at around 4000A. 
The 400fjA break which they produce is the strongest dis- 
continuity seen in the optical spectrum of a galaxy. In galax- 
ies with a younger stellar population, there are many more 
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Figure 3. Top row: examples of face-on, red, disky spirals with visible arms (as described in the text), Bottom row: face-on, blue, disky 
spirals picked to have similar redshifts, absolute r-band magnitudes, angular sizes and f racdeV values as the red spiral immediately above 
them. Images are SDSS gri composites, all 1' X 1' in size (these are some of the largest angular size galaxies in our sample). The size of 
the SDSS fibre is indicated at top left of the top left image. Galaxies are (in red/blue pairs from left to right): SDSS J131428. 83+334109. 2 
and SDSS J130058.63+395132.1 at z ~ 0.04, M T ~ -20.3; SDSS J082959.05+304340.1 and SDSS J100515.00+513545.9 atz~ 0.05 and 

M r 21.7; SDSS J104034.48+004902.6 and SDSS J123317.60+575620.1 at z ~ 0.07 and M r 22.6; and SDSS J134248.47+145553.5 

and SDSS J155357.57+383923.9 at z ~ 0.08 and M r 22.3. 




Figure 4. SDSS fibre spectra of the spirals shown in Figurc[3] Even in the central 3", these spirals are clearly different in colour; the red 
spirals (top) mostly have continuum emission which increases towards long wavelengths (i.e. a red colour), while the blue spirals have 
continuum levels decreasing in that direction. Also note the significantly larger Ha emission in the spectra of the blue spirals (indicative 
of more ongoing star formation), and the larger break at ~ 4000A in the spectra of the red spirals (indicating an older stellar population). 



hot stars, and the metals in them are multiply ionized. This 
significantly reduces the strength of the break, making it a 
good indicator of the mean age of a galaxy 's stellar pop- 
ulation. We follow iKauffmann et ahl ((20033) an d represent 
the strength of the 4000A break by the D n (4000) index 
l|Balogh et alJll999l ). 

H5a absorption lines can be used to trace the recent (< 
© 2010 RAS, MNRAS 000, 1-20 



1 Gyr ) star formation activity of galaxies (|Kauffmann et all 
l2003al ). H8a in the integrated galaxy spectra is almost en- 
tirely the contribution of A-type stars. The peak of this ab- 
sorption feature thus occurs roughly 1 Gyr after a burst of 
star formation, once O and B stars have expired and the 
integrated light is dominated by A stars. 

Histograms of the distribution of the two measurements 
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Figure 5. Balmer decrement in the SDSS fibre (expressed in 
magnitudes of extinction between Ha and H/3) as a function of 
stellar mass for the blue (blue squares) and red (red dots) face-on 
disky spirals. Error bars indicate our estimate of the la error on 
the median value. 




Figure 6. Histograms of the distribution of H5^i and D n (4000) 
for the red and blue spiral samples (solid and dotted lines respec- 
tively). The y-axis shows the number in a given bin, relative to 
the total number in the respective sample. Counting errors are 
shown on the histogram for red spirals; due to the larger numbers 
of blue spirals the errors on those histograms are significantly 
smaller. 



for all the red and blue spirals are shown in Figure [6] In 
Figure [7] we plot HSa versus D n (4000) for our blue and red 
spirals samples split into 4 bins of stellar mass (starting at 
log(M*/M0) = 10.3 where the sample is complete for both 
red and blue spirals). These figures illustrate that the red 
spirals, on average (luminosity weighted), have both older 
stellar populations and are less likely to have had significant 
bursts of star formation in the last Gyr (they have larger 
mean D n (4000) and smaller H#a)- The data are overplot- 
ted on the models of iKauffmann et alj (|2003al ) showing the 
regions covered by their starburst (filled triangle), poststar- 
burst (open triangle) and quiescent galaxies (filled squares) . 
We can clearly see that red spirals at all masses are unlikely 
to fall in the part of the D n (4000)-H<5A plane which is occu- 
pied by star bursting or post star bursting galaxies (i.e.. they 
are not above the main locus of points), but that a signifi- 
cant fraction do lie in the part of the plane in which galaxies 
are expected to have for med an insignificant fract ion of their 
stars in the last 2 Gyrs (|Kauffmann et a l. 2003a), as well as 
in the mid-region where galaxies are expected to have mixed 
star formation histories (ie. a mix of recent and much older 
star formation). In contrast, many of the blue spirals (espe- 
cially at the lower stellar masses) are in the region of the 
plane occupied by galaxies with mixed star formation his- 
tories, although there are also star-burst/post star- burst as 
well as more quiescent blue spirals. 

Figure[7]illustrates clearly the mass dependence of spiral 
star formation history; lower mass spirals are more likely to 
have had recent star formation. This is true both for red and 
blue spirals in our sample, however in any given mass bin 
the red spirals have both lower H5a and larger D„(4000) 
than equivalent blue spirals. It is clearly not stellar mass 
alone which is determining the SF history of the red spirals. 

The range of stellar ages of red spirals are similar to 
early-type galaxies (at least to first order considering the 
range of D n (4000) - this does not account for metallicity 
effects which could cause a systematic offset) and they have 



not experienced recent burst of stars (in the last 1-2 Gyr); 
i.e. they are not post-starburst galaxies. However, the pres- 
ence of spiral arms gives an indication that these red spirals 
must have recently been forming some stars, since spiral 
structures are expected to persist for only a short time af- 
ter star formation completely ceases. The prevailing model 
for the origin of spiral structure in disk galaxies is the den - 
sity wave theory proposed originally by iLin fc Shul (|l964f ). 
Discussing observations available at the time, which showed 
that galaxies without significant amount of interste ll ar gas 
do not have prominent spiral patterns, ILin fc Shul (|l964l ) 
suggest that any spiral structure, even if present in the 
old stellar population would not be visible, due to a lack 
of gas and star formation. More recent numerical simula- 
tions support this early picture of a relatively rapid fad- 
ing of_s_p2r^l_Mms_after star formation ceases. For exam- 
ple [BekkTet^al] l|2002l ) found that spiral arms persisted for 
only a few Gyrs after the gas which provides the reservoir 
for ongoing s t ar for mation was removed. Observationally 
llshigaki et all (|2007l ) use spatially resolved spectroscopy of 
the passive spiral SDSS J074452. 52+373852. 7 to show that 
this galaxy probably stopped forming stars about 1-2 Gyrs 
ago - and it's spiral structure is still just visible. Follow-up 
integral field unit, and/or higher S/N spectroscopy for a rep- 
resentative sample of the red spirals could measure popula- 
tion ages and test this picture further. Such work is planned. 

In the red spirals, current star formation is significantly 
reduced compared to the normal/blue spirals, even at fixed 
stellar mass but it does not appear to have completely 
stopped in all objects (as we will see below). Major amount 
of star formation cannot have ceased abruptly recently (as 
they are not post-starburst), or very long ago (more than a 
few Gyrs because of the presence of spiral arms). It is there- 
fore possible to conclude that star formation either ceased 
abruptly in the red spirals between the post-starburst and 
spiral arm fading time scales (about one to a few Gyrs ago) 
or that there has been a gradual cessation of star formation 
in the red spirals over the past few Gyrs. 
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Figure 7. H<5a versus D n (4000) is plotted for our sample of blue and red face-on, disky spirals. In each panel the blue spirals are shown 
by grey circles, and the red spirals are shown by red triangles. The red and blue error bars indicate the interquartile ranges for the red 
and blue spirals respectively. The different panels show the evolution with stellar mass, with the lowest mass galaxies at the upper left, 
down to the highest masses at the lower right. The red spiral galaxies on ave rage show older stellar po pulations and less recent bursts of 
star formation in every mass bin. The data are plotted over galaxy models of|Kauffmann ct al. (2003a) showing regions covered by their 
starbursting (filled triangle), post starburst (open triangle) and quiescent (filled squares) galaxies. 



4 THE EFFECT OF ENVIRONMENT 



The morphology-density relation (Dressier 1980) revealed 
that spiral galaxies favour lower densi ty environments 



than early-types. H o wever, recent work dBall et al 



iBamford et al] 120091 ; ISkibba et all 120091 ; | Deng et al 



2008 



2009 



e.g.) has shown that the colour-density relation is stronger 
than the morphology-density relation (ie. at a fixed mor- 
phology galaxies in higher density environments are red- 
der, but at a fixed colour, there is littl e morphology- 
densi t y dependence). We have already seen (IBamford et alj 
120091 ; Iskibba et all 120091 ) that GZ1 red spirals are more 
common in high density regions (and conversely blue 
early- types are more common in low density regions; 



ISchawinski et al.l l2009bl). Th ere a re also clear sugges tions 
in both IBamford et alf((2009r i and lSkibba et all (|2009T l that 
the peak of the red spiral distribution occurs in intermediate 
density regions. Therefore environment is clearly a candidate 
for driving the process which turns spirals red. As discussed 
in Section 1, various environmental mechanisms have been 
proposed to suppress star formation and turn galaxies red 
in high density regions. In this section we will consider the 
effect of environment on the red spirals in particular, looking 
at their preferred locations, and tracers of their star forma- 
tion as a function of local density. 
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Figure 8. Fraction of red spiral galaxies (red solid line) and blue 
spirals (blue dashed line) relative to all types of SDSS galax- 
ies in our volume limited sample plotted versus environment as 
measured by S. The error regions are also shown; note that the 
binning is the same for both red and blue spiral samples, and 
adjusted to have ~ 30 red spirals per bin. 
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Figure 9. Fraction of red spiral galaxies (red solid line) and blue 
spirals (blue dashed line) relative to all types of SDSS galaxies 
in our volume limited sample as a function of projected distance 
to nearest neighbour. The error regions are also shown; note that 
the binning is the same for both red and blue spiral samples, and 
adjusted to have ~ 30 red spirals per bin. 



4.1 The Environments of Red Spirals 

In Figure [8] we present the fraction of galaxies in our red 
and blue spiral samples (relative to the full volume limited 
galaxy sample) versus the local galaxy density. We confirm 
the previous findings that red spiral fraction increases with 
local galaxy density, along with the well established observa- 
tion that the fraction of blue (or normal) spirals decreases. 
This figure suggests that the red spiral fraction peaks at in- 
termediate densities, around E = 1 Mpc -2 , inside the infall 
ra dius of a typical clust er, but not in their cores (see Figure 5 
of iBamford et al.ll2009l for the correlation of E with distance 
to the nearest cluster centre, this level of E corresponds to 
d ~ 5— 15 Mpc depending on the richness of the cluster - for 
example it could be quite close in to a poor group, or much 
further away from a rich cluster). In order to look at the im- 
pact of close neighbours, and not just local density, we also 
consider the (projected) distance to the nearest neighbour 
(within 100 kms -1 in the SDSS DR6 Spectroscopic Galaxy 
Sample). Figure [5] shows the fraction of red and blue spirals 
in our face-on disky spiral sample as a function of this dis- 
tance, showing that red spirals are a lot more likely to have 
close neighbours than blue spirals. (Of course E and the dis- 
tance to the nearest neighbour are correlated - galaxies with 
a higher E will naturally have a nearer closest neighbour, 
and we have not attempted to disentangle the two measure- 
ments here.) 



4.2 Environmental Dependence of Star Formation 

We now study the environmental dependence of star forma- 
tion tracers in our samples of red and blue spirals. In Figure 
UOI we show the median equivalent widths (EW) of [Oil] and 
Ha as a function of local galaxy density for both blue and 
red face-on disky spirals. 

At all densities, red spirals have significantly lower but 
non-zero equivalent widths in these two tracers of ongo- 
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Figure 10. The median equivalent widths of [Oil] and Ha as a 
function of local galaxy density. Blue and red spirals are shown 
as blue stars /red dots respectively. Error bars show our estimate 
of the lcr error on the median value. 



ing star formation, but interestingly there are no significant 
trends with local density in either population, neither do 
we see any evidence for a change in the distribution of the 
quantities with envir onment (consistent with the findings of 
IBamford et~aT1 |200S| for Ha in the galaxy population as a 
whole). There is perhaps a hint that the [Oil] EW decreases 
with density for red spirals - a straight line fit to this trend 
has a ~ 2er significance (a slope of — 1.0 ± 0.4). We also see 
a slight increase in the Ha EW in blue spirals at very high 
density, which may be related to interaction triggered star 
formation in this population - or perhaps a higher rate of 
AGN contamination in blue spirals in high density regions. 
This figure includes all galaxies, including those classified as 
AGN by their optical spectra (see Section 5 below) , however 
in Section 5 we will show there is a higher AGN fraction in 
the red spirals than the blue, so removing AGN contamina- 
tion from these lines will only make the difference between 
red and blue spirals stronger. 

Figure [11] shows similar relations to that shown in Fig- 
ure 10 for the tracers H6a and _D n (4000) (as discussed in 
Section 3, these are tracers of recent starbursts and the mean 
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Figure 11. Median values of H<5a (a tracer of recent star forma- 
tion) and D n (4000) (a tracer of average stellar age) as a function 
of local galaxy density. Blue and red spirals are shown as blue 
stars/red dots respectively. Error bars show our estimate of the 
lc error on the median value. 



age of the stellar population respectively). Again we see that 
at all densities these indicators show less recent star forma- 
tion and older stellar populations in red spirals than blue 
spirals, and that there are no significant trends with density 
in either population. We have repeated this exercise using 
(projected) distance to the nearest neighbour, and find sim- 
ilar results. 

Red spirals in all environments have lower rates of re- 
cent and on-going star formation than blue spirals. This sug- 
gests that despite the increased fractions of red spirals in 
high density regions, environment is not the only factor in 
the shutting down of star formation in red spirals - i. e. the 
main physical process cannot only happen in high density 
regions (ruling out ram pressure stripping as the dominant 
process) and neither can it proceed faster in higher densities. 

Our data are consistent with the process that turns spi- 
rals red being more likely to happen in high density regions 
as long as it is possible and proceeds in the same fashion in 
all environments. Both gentle interactions, and/or strangu- 
lation mechanisms could explain these observations. 



5 THE IMPACT OF AGN 

The most recent semi-analytic models for galaxy forma- 
tion all invoke some form of AGN feedback which in- 
hibits st ar formation in the most massive, red (early-type 
galaxies (iGranato et al.ll2004l ; ISukll2005l ; ICroton et atlbOO' 
iBower et al.l 120061 ) in order to match the number counts 
and properties of these objects in the local universe. Ob- 
servational evidence now exists to support this hypothesis, 
showing that the AGN fraction peak s in the region between 
the blu e cloud and the red sequence (jSchawinski et al . 2007, 
2009a]). Could AGN feedback be responsible for the shut- 
down of star formation in the red spirals? 

We test this by using emission line diagnostic di- 
agra ms (Baldwin Phillips & Terlevich 1981, hereafter 



BPT;IVeilleux fc Osterbrocklll987l ; iKewlev et ai1l200ll , l200fj ; 
ICid Fernandes et al.l 20011 ) to probe the dominant source of 
ionisation in the red and blue spiral galaxies. For this study, 
we restrict our analysis to galaxies with greater than 2a 
emission line detection for all four lines used in the BPT 
diagram (i.e. [OIII], Ha, [Nil] and H/?). Likewise, in order 
to reduce the effect of aperture bias of the SDSS 3" fibre 
on the BPT diagram, we shift the lower redshift range of 



our sample up from z > 0.03 to z > 0.05. This reduces the 
sample size to 181 (60%) of the red spirals, and 3462 (66%) 
of the blue spirals. 

Standard emission line diagnostic dia grams (e.g. 
iKauffmann et al1l2003bl ; [Schawinski ct al. 2 0071 ) are used to 
divide galaxies whose budget of ionising photons is domi- 
nated by current star formation (i.e. ionisation from OB as- 
sociations) and those whose inter-stellar medium is excited 
by other processes. These other processes include AGN, but 
also shocks and evolved stellar populations such as post- 
asymptotic giant branch ( pAGB) stars, extreme horizontal 
branc h stars, white dwarfs l|Stasiriska et alj |2008; Sarz i et all 
120091 ). 

Observationally, the area between these two regions is 
populated by transition or composite objects where the total 
contribution to the ionising budget fro m star formation and 
other processes is roughly comparable. IKewlev et al.l (|200ll ) 
give a prescription based on theoretical modelling of star- 
burst galaxies which indicates the region of the diagram 
which can be explained by starburst emission (to the lower 
left of the line), while IKauffmann et aL (2003b) made an 
empirical fit to the observed separation between the pop- 
ulations in SDSS galaxies, which is often used as a lower 
limit for the location of AGN. Here as a short-hand, we wil l 
call objects to the upper right of the [Kewlev et alj (|200ll ) 
line "AGN" (even if other processes may be more important 
in some objects), or sometimes " Seyfert+LINER" (as ex - 
plained below), objects below the IKauffmann et al.l l|2003bf ) 
line "star-forming" and objects falling between the two lines 
"composite" objects. 

The region dominated by ionization from processes 
other than star formation is furthermore divided into 
Seyferts and LINERs (low-ionisation nuclear emission-line 
regions; Heckman 1980). To split this region into Seyfert and 
LI NER types we us e the d iagonal dividing line suggested 
by ISchawinski et al.l (|2007l ). Objects in the Seyfert region 
are clearly identified as classical obscured (Type 2) Seyferts 
(i.e. AGNs), while the LINER region is more controversial 
and poss ibly repre sents a heterogeneous population (see Sec- 
tion 6 of [Hcj|2008J for a recent review of possible sources of 
ionisation for LINERs). Re cent results from the SAURON 
survey bv lSarzi et al.l (|2009l ) show that the extended LINER 
emission seen in most SDSS fibre spectra (whose physical 
footprint corresponds to 2-3 kpc in the sample studied here) 
is inconsistent with a central point source for the ionisation, 
ruling out nuclear activity as the dominant source for the 
emission. Intriguingly, this is even the case when the pres- 
ence of nuclear activity (e.g. from radio data) is detected. 

The position of red spirals on a BPT diagram is illus- 
trated in Figure \T%\ where points are coded (both in size and 
colour) by the stellar mass of the galaxy. Ma ny more of the 
red sp irals than the blue are placed above the IKewlev et all 
(2001) dividing line, indicating that they are not dominated 
by emission from star forming regions, but their gas must be 
ionised by other mechanisms (30 ± 49 7 jf] of all face-on disky 
red spirals in redshift interval of 0.05-0.085, compared to 



2 Errors on the fractions given in this Section and elsewhere are 
\/~N counting errors. This obviously breaks down when fractions 
approach zero or one, however for the purposes of this work the 
approximation of the errors is adequate. 
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4 ± 1% of blue spirals). As the plot indicates, a significant 
fraction of these galaxies are LINER-type (82±12%). The re- 
maining red spirals have many more composite objects than 
are found in the normal spiral population (49±5% compared 
to 15 ± 1% of blue spirals) with only a rel atively small frac- 
tion be ing classed as starforming by the iKauffmann et ail 
<|2003bf ) criterion (21±3% of red spirals compared to 81±2% 
of blue spirals) . 

Part of these trends can be explained by the larger stel- 
lar masses of the red spirals, since it is well known that 
Seyferts and LINERs are more com mon in higher mass 
galaxies fe.g. IKauffmann et alj|2003bf ). Therefore for a fair 
comparison we construct a sample of blue spirals selected 
from the full blue spiral population in such a way that they 
have the same mass distribution as the red spirals (our "mass 
matched" blue spiral sample). We show 181 of these galax- 
ies (i.e. the same number as in the red spiral sample for 
ease of comparison) on the BPT diagram in Figure [T3l Com- 
pared to this mass matched sample of blue spirals, red spirals 
are still significantly more likely to host optically identified 
Seyfert+LIN ER emission lines. Re call, 30 ±4% of red spirals 
are above the lKewlev et al.l 1)20011 ) division and 48 ± 5% are 
in the composite region. In comparison we find only 7 ± 1% 
mass matched blue spirals in the Seyfert+LINER region and 
23 ± 1% in the composite region. Red spirals are therefore 
~4 times as likely to have Seyfert+LINER emission lines, 
and twice as likely to be composite objects when compared 
to similar blue spirals. 

We plot in Figure [14] the observed fractions of 
Seyfert+LINER and starforming galaxies as a function of 
mass for both the red and blue spirals. For both sub- 
populations the Seyfert+LINER fraction increases with stel- 
lar mass, while the starforming fraction decreases, however 
as previously commented, at a given stellar mass red spirals 
are roughly twice as likely to be classifed as Seyfert/LINER, 
and less likely (roughly half as likely) to be classified as 
a starforming. There is a suggestion that the increase of 
Seyfert+LINER fraction with mass is also faster in the red 
spirals than it is in the blue spirals (at the expense of "com- 
posite" objects, since the starforming fractions are seen to 
decrease at approximately the same rate). 

AGN fractions in all galaxies have generally been shown 
to be independent of environment (Miller et al. 2003, Sor- 
rentino, Radovich & Rifatto 2006). However, recent work 
on X-ray selected AGNs does suggest an environmental de- 
pendence such that X-ra y selected AGN are more common 
in groups than clusters (|Arnold et al. I l2009l . this work also 
comments on the complete disjoint of X-ray selected and 
BPT selected AGN samples m aking such studies hard to 
compare) and I Lee et ah | (|2009h also suggest AGN are less 
common in higher densities. Here, we see no signature of a 
density dependence of the Seyfert+LINER fraction of red 
spirals, although we note that the red spiral sample is quite 
small to divide in this way and covers only a limited range 
of densities. 

Red spirals with emission lines which are not classified 
as coming from star formation are more likely to be clas- 
sified as LINERS than similar objects in the blue spirals 
population, with 82+ 12% of those in red spirals being LIN- 
ERS versus 57 ± 7% in the mass matched blue spirals. This 
means the Seyfert fractions of red and blue spirals of the 
same mass are actually quite similar (6 ± 2% of red spirals 



versus 3 ± 1% of blue spirals) - the main difference in the 
two populations appears to be in the LINER fraction which 
suggests a link between LINER emission and the shutting 
down of star formation in spiral galaxies. Overall 25 ± 4% of 
the red spirals are classified as having LINERs, while only 
4 ± 1% of the (mass matched) blue spirals meet the LINER 
crit eria. Interestingly in vis ually classified early type galax- 
ies, ISchawinski et all (|2007T ) also found that an increase in 
LINE R fraction was associated with "stellar quiescence", 
while ISmolcid (|2009h studying radio loud AGN also found 
that the radio AGN in the red sequence were dominated by 
low ionization AGN which were classified as LINERs in the 
BPT diagram. 

The B aimer line emission from even a small amount 
of st ar formation is expected to dominate any AGN emis- 
sion. [Schawins ki et alTT ([2010) study the masking of AGN 
(Seyfert) emission in star forming galaxies and show that 
for AGN [OIII] luminosities below 10 39 erg s _1 most galax- 
ies with star formation present will not be classified as AGN, 
and that only above 10 40 erg s _1 will the sample of AGN 
identified by optical emission lines be reasonably complete 
in the blue cloud. We show in Figure [TS] histograms of the 
[OIII] lumin osities (extinctio n corrected using the method 
described in iLee et all [20091 ) of both red and blue spirals 
(from the sample matched in mass with the red spirals) 
classified as having either Seyfert or LINER emission. This 
diagram suggests that there may be a difference in the lu- 
minosities of the emission lines identified in the two popu- 
lations, such that fainter lines (below about 10 39,3 erg s _1 ) 
are found in the red spiral population which are not found in 
the blue spiral population. However, since the actual num- 
ber of red spirals are small, the histograms do agree within 
the error. 

If true, the above observation suggests that at least 
some LINERs are being revealed in the red spiral popu- 
lation, either because the emission lines are no longer dom- 
inated by star formation, or perhaps because the smaller 
amount of recent star formation means there is less dust 
shrouding the AGN. However the difference cannot account 
for all of the extra LINERs in the red spirals - i.e. even 
at the luminous end of the distribution where we would not 
expect LINERs to be hidden in the blue spirals, we find 
more LINERs in red spirals (considering only emission with 
L[OIII]> 10 39 erg s _1 we find 24 ± 4% of the red spirals 
have emission not consistent with star formation compared 
to 7 ± 1% of the mass matched blue spirals), so we are able 
to say that at least high luminosity LINER emission is cor- 
related with the shutting down of star formation in spiral 
galaxies. 

Since we do not have either integral field observations or 
X-ray /radio data of red spirals, we present two alternative 
interpretations for the high LINER fraction in red spirals: 

(i) Photoionisation from evolved stellar populations. 
If we assume that the LINER emission in red spirals is 
mostly due to photoionisation fro m evolved stellar popu- 
lations (e.g. [Stasiriska et al.l |2008l), then we can naturally 
account for the relatively higher fraction of LINERs in red 
compared to blue spirals in the following way: in massive 
galaxies, there is a substantial component of hard ionis- 
ing radiation coming from evolved stellar populations, that 
would, in the absence of other factors, produce a weak 
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Figure 12. Distribution of face-on disky red spiral galaxies in BPT diagram. The size and colour of the poin t s indi cates the stellar mass 
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Figure 14. Fraction of galaxies in a given stellar mass range 
which are classifed as "AGN" (Seyfert+LINER) or starforming 
from the BPT diagram (expressed as a percentage; note that the 
fraction classified as composites are not shown). The trends for 
blue spirals are shown with the blue lines, red spirals by the red 
lines. Shaded regions show the \/N counting errors on the frac- 
tions. Obviously these errors break down where the fractions ap- 
proach zero or one, but give a reasonable estimate elsewhere. 
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Figure 15. Histogram of [OIII] luminosities of optically identified 
Seyferts and LINERS in the red spirals (red dotted line) and 
blue spirals from the mass matched sample (black solid line). The 
typical error on the red spiral histogram is indicated, offset for 
illustration purposes. Note that the j/-axes are scaled such that 
the total area under each histogram is equal. 



LINER spectrum. In blue spiral galaxies, this signature is 
mostly overwhelmed by ongoing star formation, whereas in 
red spirals, where star formation has been gently quenched, 
no such competing source of photons is available. 

(ii) Low-luminosity nuclear activity. 
If we assume that the LINER emission in red spirals is due to 
photoionisation from a low-luminosity, low-Eddington AGN 
(e.g. Kewley et al. 2006), we can ask about the role of this 
AGN in the evolution of red spirals. As suggested earlier, red 
spirals gently quenched their star formation in an extended 
process that began about 2 Gyr in the past. This in turn im- 



plies that the current LINER AGN can not be responsible 
for the suppression of star formation as it is happening now - 
with a substantial time delay after the quenching process. A 
similar, though shorter time delay is seen between the sup- 
pression of star formation and the start of substantial black 
hole growth (Schawinski et al. 2007). The LINER phase in 
red spirals, like in early-types (Schawinski et al. 2007), seems 
to be a post-quenching phenomenon. The interesting ques- 
tion then becomes why the particular internal environments 
of red spiral galaxies that have already quenched their star 
formation is so conducive to low- level black hole growth. 

Further observations of red spirals are required to fully 
distinguish between these two interpretations. Spatially re- 
solved spectroscopic observations (long-slit or IFU) are 
needed to test whether the LINER emission in red spirals is 
spatially extended as it is in early-types. Deep X-ray or ra- 
dio observations could yield evidence for ongoing black hole 
accretion. 



6 BAR FRACTIONS IN RED/BLUE SPIRALS 

Even a cursory inspection of a small sample of images sug- 
gests that red spirals may have a significantly higher bar 
fraction than blue spirals (e.g. Figure 3). Two of us (BC 
and KLM) visually inspected the entire face-on disky red 
spiral sample, along with a similar number of the random 
mass matched blue spirals. We find that red spirals have 
an optical bar fraction of at least 67 ± 5% (raw fractions 
were 72% for BC and 67% for KLM) and up to 100% in- 
cluding more uncertain identifications, while the blue spi- 
rals have a bar fraction of only 27 ± 5% (28% from BC and 
26% from KLM). These bar identifications used the SDSS 
gri images typically used by Galaxy Zoo, and were based 
on classi c visual bar identifica ti on m ethods such as those 
used by Ide Vaucouleurs et al. I (|l99ll ) to find a bar frac- 
tion of 25-30% in the RC3. More recent work on bar frac- 
tions in the literature (e.g . [jogee et alj |2004|; ISheth et ail 
l200St iBarazza et aTl 120081 ; lAguerri et all 120091) use auto- 
mated techniques for finding bars using elliptical isophote 
fitting. The two studies using SPSS data on ~20 00 "disk" 
galaxies (|Barazza et al. ifeoO St lAguerri et~aT]|2009l ) are most 
directly comparable to this study. Both however use au- 
tomated techniques to id entify disk/spiral sa mples based 
largely on concentrat ion jAguerri et all 120091) and colour 
l|Barazza et al. 2008, this study does also consider Sersic 
fits, but the final results are from colour selected "spirals" 
only), so we expect systematic differences with our visually 
identified face-on spiral sample and inparticular point out 
that red spirals by our d e finitio n will be completely absent 
fr om the Barazza et al. I (|2008l ) study, and extremely rare 
in lAguerri et al.l (120091 ). The overall bar fr actions found by 
IBarazza et al. I (|2008l ); lAguerri et al.l (|2009l ) are comparable 
to our total bar fraction of ~50% (they find 50% and 45% of 
their disk samples hosting bars), but intriguingly both stud- 
ies suggest a trend for bluer disk galaxies to be more likely 
to host bars, in direct contrast to the clear signal we find for 
red spirals to have more obvious bars in the gri images. It is 
not clear at this point if the difference in these trends is due 
to the sample selection or th e bar identification method (al- 
though [AguerrT^£|al] (|2009l ) claim only a 7% difference be- 
tween their automated bar finder and a visual check of their 
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sample). A more detailed study of bar fractions in Galaxy 
Zoo galaxies as a function of various galaxy properties and 
considering possible biases on the visual bar identification 
method with gri images is being prepared using bar iden- 
tifications for almost 30,000 spiral galaxies collected during 
the second phase of Galaxy Zoo (GZ2; Masters et al. in 
prep.). For the purposes of this work, the huge increase in 
bar fraction between the blue and red spiral samples gives 
such a strong hint of a trend of bar fraction with colour (in 
the sense that red spirals are much more likely to host bars), 
that it suggests bars may be providing an important clue to 
the formation of the red spirals and therefore the impact of 
bars should be considered in a discussion of their possible 
origin. 

In simulations of spiral galaxy formation, bars form 
quickly on ce a stable disk is form ed, and are difficult to de- 
stroy (e.g. iDebattista et al]|2006T ). However, the impact of 
higher density environments on bars is unclear. Tidal inter- 
actions might induce bar formation (eg. Hernquist & Mihos 
1995), but they also act to heat the disks of spirals, and 
bars form most quickly in cold disks (eg. Toomre 1964). If 
external triggers such as tidal interactions are the most im- 
portant source of bar instabilities, then the higher density 
environments of the red spirals may naturally lead to high 
bar fractions. 

A possible explanation for the high bar fraction in red 
spirals could be that the bars themselves are at least partly 
responsible for the process which turned off star formation 
in these objects. Bars are known to be the most efficient way 
to redistribute material in the disks of galaxies (eg. Combes 
& Sanders 1981), by channelling gas into the central regions 
of the galaxy. Bars have been invoked (eg. Shlosman et al. 
2000) as a way to feed gas to the central black hole - the in- 
crease in LINER fraction we observe in the red spirals could 
be a remnant of this process (if they are LINERs associ- 
ated with AGN). Perhaps the bars in the red spirals have 
removed the cold gas from the disk and channelled it in- 
wards where it has either been used as fuel for the AGN, 
or created a starburst. Of course, this starburst must have 
happened more than ~ 1 Gyr ago, to be consistent with our 
observation that red spirals are not post starburst objects, 
but if bars are as robust as simulations suggest then they 
would still persist for a long time after evidence of any bar 
triggered central starburst was removed. 



7 DISCUSSION 

Since red spirals are observed at all density levels, the pro- 
cess which creates red spirals cannot be confined only to 
regions of high galaxy density; environment alone is not 
sufficient to determine whether a galaxy will become a red 
spiral or not. The lack of any clear correlation of the star 
formation rates of red spirals with environment, also indi- 
cates that red spirals in low density regions are similar to 
those in clusters making it more difficult to invoke only en- 
vironmental processes in their formation. The process which 
turns spirals red may be more likely to occur in higher den- 
sity regions, but must be possible, and proceed in a similar 
way in all environments, unless completely different mecha- 
nisms are responsible for red spirals in high and low density 
regions. That the red spiral population has a significantly 



higher mean mass than the population of blue spirals, also 
indicates that they are not uniformly sourced from the field 
population. However, perhaps the mass transition between 
red and blue spirals represents the lowest mass spiral which 
can retain its spiral structure under the influence of envi- 
ronmental effects which shut off its star formation (i.e.. low 
mass blue spirals might pass through the red spiral phase 
very quickly, or experience both morphological and colour 
transformation at the same time). 

We suggest that rather than representing an intermedi- 
ate stage of environmental transformation, red spirals could 
be "old spirals" who through normal internal evolution have 
already used up their reservoirs of gas - perhaps aided by 
the redistribution of gas due to a bar instability. We suggest 
that part of the reason they are found to be more common 
in higher density regions is because the initial density fluc- 
tuations decoupled from the Hubble flow earlier there (see 
iBromm et al. I l2009l . for a revi ew) and galaxies st arted as- 
sembling at much earlier times (|Cooper et al.ll20"09T ) in dense 
environments so have had longer to use up their gas. Such 
objects would naturally be found at the high mass end of the 
galaxy distribution as they have been assembling for a long 
time. Red spirals presumably become less common in the 
highest densities where strong environmental processes are 
more important and may have already changed all spirals 
into early type galaxies. 

It has been shown that for a typical spiral (i.e. with 
typical star formation rates) to use up all its gas within a 
Hubble time requi res that there is n o infall of additional 
gas from its halo (lLarson et al.|[l980l ). Therefore strangu- 
lation (or removal of gas from the outer halo - a process 
which would be more common in satellite galaxies in higher 
density regions, but can h appen even in low mass groups 
iKawata fc Mulc hacv 2008) is probably required and could 
by itself create a population of red spirals preferentially 
found in intermediate density regions (if those in the high- 
est densities were further disrupted). It was observed by 
ISkibba et all (2009) that the Galaxy Zoo red spirals are pref- 
erentially satellite galaxies in massive halos (while blue spi- 
rals are preferentially the central galaxy in a low mass halo) . 
This observation supports the idea of strangulation as an 
important part of the mechanism which creates red spirals. 
In this scenario they are accreted onto the massive halo as 
a blue spiral, after which their outer halo gas reservoirs are 
gently stripped by the main galaxy, and no fur ther accretion 
of cold gas can take place. (|Bekki et all I2002T I showed that 
in such a scenario spiral arms would persist for a few Gyrs 
after the gas was removed. Lower mass spirals presumably 
are disrupted by gravitational effects in the massive halo 
and cease to display spiral features, so this model can ex- 
plain both the mass and environmental distribution of the 
red spirals. 

If other environmental processes are responsible for 
turning spirals red, they must be very gentle and happen 
over long timescales. Continued tidal i nteractions and /or 
minor mergers (i.e. galaxy harrassment. iMoore et al"1ll999h 
could be responsible - these would heat the disk gas above 
the density required for star formation, but not remove it. If 
tidal interactions are also responsible for creating bars (e.g. 
Hernquist & Mihos 1995) the high bar fraction we observe 
could be a remnant of this (although the bars may still help 
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to shut down star formation by re-distributing and heating 
the gas themselves). 

Several authors fe.g. lGoto et al.ll2003l ; IWolf et alj|2009h 
have suggested that red (or passive) spirals are the progeni- 
tors of SO galaxies. The origin of the SO galax ies has been an 
ongoing debate for more than three decades (|Dresslerlll980l ; 
M oran et all 12007ft . SOs are often argued to be too bright 
and massive and ha ve too large bulge-dis k rat ios to simply 
be fad ed spirals fe.g. lBurstein et al.ll2005ft . but lMoran et all 
l|2007ft argue that they have linked passive spirals with young 
SOs in two z ~ 0.5 clusters and that a combination of gas 
stripping and gentle galaxy-g alaxy interac t ions c ould be re- 
sponsible for the change, and iDriver et al l (|2007ft show that 
bulge light is severely attenuated by dust in spiral galaxies 
which may help to resolve the bulge-disk ratio issue. 

There is only one observation in this paper which is im- 
mediately in conflict with the idea of the Galaxy Zoo red 
spirals being the progenitors of SOs. We observe a high op- 
tical bar fraction in the face-on disky red spirals, while SO s 
have a significantly lower bar fraction (|Aguerri et al.| [2009). 
Our disky red spirals cannot simply turn into SOs as their 
spiral arms fade, as the bar instability would remain much 
longer than the arms. However in this work we have pur- 
posely selected red spirals with small bulges. Perhaps SOs 
form from red spirals with large bulges. Further study of 
the red Galaxy Zoo spirals with large bulges may clear up 
this issue. 

7.1 Future Directions 

This work has used optical data from SDSS to reveal the 
star formation history, dust content, AGN properties, en- 
vironments and morphologies of a unique sample of intrin- 
sically red disk dominated spiral galaxies. It is clear that 
significantly more information can be obtained from other 
surveys, wavelengths, and from future theoretical modelling, 
which will help to shed light on the dominant physical pro- 
cess which formed these objects. 

If strangulation is the dominant process forming red 
spirals they should have almost no residual neutral hydrogen 
(alternatively, if tidal interactions are responsible by gently 
heating the disk gas, and thus lowering its density below 
the threshold for star formation, they should still contain 
significant quantities of HI). This wi ll be tested using data 
from the ALFALFA blind HI survey l|Giovanelli et alj|2005ft 
which covers much of the SDSS footprint. 

The debate over the nature of the LINER emission 
could be solved by moving to other wavelengths to reveal 
the AGN or by obtaining spatially resolved optical spectra 
to look at the extent of the emission. Deep targeted X-ray 
observations would reveal objects currently growing their 
black holes. Unfortunately, currently available public X-ray 
surveys are too small an area or at too low luminosity lev- 
els to be of use. (For ex ample the XMM Cluster Survey, 
XCS (|Romer et all l200lft has only 220 of the blue spirals 
and 6 of the red spirals studied here in its footprint (1 blue 
spiral is detected) , while the ROSAT All-Sky Survey, RASS 
l|Voges et al.lll999r ) has a high flux limit). Current radio con- 
tinuum surve^s_JlcTexarrrple the NRAO-VLA Sky Survey, 
NVSS: ICondon et alJll998ft could also reveal ongoing black 
hole accretion, or radio-loud AGN. 

More sophisticated modelling of the spectral informa- 



tion (for example from VESPA. iToieiro et alll2009ft would 
provide time resolved star formation histories and more re- 
liable stellar masses. Spatially resolved spectra would addi- 
tionally allow separate study of the star formation histories 
of the different regions of these galaxies, and provide dynam- 
ical information possibly helpful in determining the role of 
the bars. 

The interpretation of the increased bar fraction in the 
red spirals is made difficult by the wide range of suggestions 
of the impact of bars on spiral galaxies. More detailed mod- 
elling of spiral galaxies with bars would be extremely helpful 
in interpreting those observations. We can also use Galaxy 
Zoo 2 data (which asks for a more detailed classification of 
among other things barred galaxies) to study the more gen- 
eral properties of a large sample of galaxies with bars. For 
example studying the environmental dependence of barred 
galaxies compared to non-barred galaxies would shed light 
on the role tidal interactions play in bar formation. 



8 SUMMARY AND CONCLUSIONS 

We study the interesting population of red, or passive, spiral 
galaxies found by the Galaxy Zoo project. We identify from 
these red spirals a population of intrinsically red true disk 
dominated spirals by limiting the sample in inclination (to 
reduce the impact of dust reddening), requiring that spiral 
arms be visible, and removing bulge dominated systems us- 
ing the SDSS parameter f racdeV. We compare this sample 
to blue spirals selected in the same way and find that: 

• Red spirals are more likely to be more massive, lu- 
minous galaxies than blue spirals. They represent an in- 
significant fraction of the spiral population at masses below 
10 10 Mq but are significant at the highest masses, showing 
that massive galaxies are red regardless of morphology. 

• At the same mass as blue spirals, face-on red spirals do 
not have larger amounts of dust reddening (as measured by 
the Balmer decrement), therefore their red colours indicate 
an ageing stellar population not an increased dust content. 

• Red spirals have lower (but not zero) rates of ongoing 
and recent star formation when compared to blue spirals. 
This is partly related to their higher average mass, however 
at a fixed mass, red spirals still have less recent star forma- 
tion than blue spirals. 

• As previously observed, red spirals are more common at 
intermediate local densities (around, or just inside the infall 
regions of clusters) . They are also observed to be more likely 
than blue spirals to have close neighbours. 

• Red spirals in all environments have lower rates of re- 
cent and on-going star formation than blue spirals, and there 
are no significant trends of the star formation rates with en- 
vironment when spirals are split into red/blue. Clearly the 
process which creates red spirals is not confined to regions of 
high galaxy density. So environment alone is not sufficient 
to determine whether a galaxy will become a red spiral or 
not. 

• Red spirals are more than four times more likely to be 
classified as Seyfert+LINER/composite objects from their 
optical spectra than blue spirals. This is partly due to the 
higher masses of red spirals but is still observed when they 
are compared to a blue spiral sample selected to have the 
same mass distribution. We find that a small fraction of low 
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luminosity AGN are being revealed as the star formation is 
turned off in the red spirals, but this is not enough to ac- 
count for all the difference. Most of the difference comes from 
an increased fraction of LINER-like emission (82 ± 12% of 
Seyfert/LINERs found in red spirals are LINERs compared 
to 57 ± 7% in blue spirals). 

• Red spirals have significantly higher bar fractions than 
blue spirals (70% versus 27%), suggesting that bar instabil- 
ities and the shutting down of star formation in spirals are 
correlated. 

We propose three possible origins for the red spiral pop- 
ulation studied in this work and suggest the most likely ex- 
planation is that a combination of the three accounts for the 
shutting down of their star formation while they retain their 
spiral structure: 

(i) Perhaps red spirals are just old spirals which have used 
up all of their gas. They are found preferentially in interme- 
diate density regions because structures first starts to form 
at the peaks of the dark matter distribution, but in the cen- 
tres of clusters spiral morphologies cannot stand up to the 
environmental disturbances. Red spirals then represent the 
end stages of spiral evolution irrespective of environment 
(and in the absence of major mergers) - the spiral version of 
"downsizing" . 

(ii) Perhaps red spirals are satellite galaxies in massive 
dark matter halos. In this scenario, they are accreted onto 
the halo as a normal blue spiral and have experienced ei- 
ther strangulation (where the gas in their outer halos has 
been gently stripped off, and no further cold gas has been 
allowed to accrete) or harassment (heating their disk gas 
and preventing further star formation). Low mass spirals 
would probably be disrupted in this process and so are not 
observed as red spirals. 

(iii) Perhaps red spirals evolved from normal blue spirals 
which had bars that were particularly efficient at driving gas 
inwards. This removed gas from the outer disk and turned 
the spiral red. If it triggered star formation in the central 
regions it must have occured more than ~ 1 Gyr ago since 
red spirals are not post starburst galaxies. 

The red spirals in this work probably cannot be the 
progenitors of SOs as they have a significantly higher bar 
fraction than in observed in the SO population. SOs may 
however be the end product of red spirals with larger bulges 
than we have studied here. 
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APPENDIX A: SAMPLE OF DATA TABLES 

We provide in this Appendix samples of the data tables we 
make available electronically listing important information 
(all based on SDSS data) for both our red (Table [ATI) an( i 
blue (Table IA2|) face-on disky spiral samples. In both ta- 
bles columns are (1) SDSS objid; (2 and 3) RA and Dec 
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in J2000 decimal degrees; (4) Redshift; (5) Absolute r-band 
(Petrosian) magnitude, M r ; (6) (g — r) colour (from model 
magnitues); (7) "redness", denned as the distance in mag- 
nitudes from the blue limit of the (g — r) verses M r red 
sequence (see Equation 1 in Section 2.1); (8) axial ratio, 
log(o/6) from the r-band isophotal measurement; and (9) 
f racdeV; the fraction of the best fit light profile made up by 
a de Vaucouleur profile (as opposed to an exponential disk). 



Galaxy Zoo: Passive Red Spirals 
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Table Al. A Sample of Face-On, "Disky" Red Spirals. (The full table is available in the online version of the paper.) 



SDSS objid 


RA (J2000 deg) 


Dec (J2000 deg) 


Rcdshift 


M r 


(g-r) 


"Redness" 


log(a/b) 


f racdeV 


587731186741346415 


1.218164 


0.351724 


0.0833 


-21.26±0.01 


0.695±0.020 


0.040 


0.144 


0.42 


588015509270364319 


2.277073 


0.042422 


0.0735 


-21.75±0.01 


0.701±0.021 


0.036 


0.143 


0.46 


587731187279265981 


3.718539 


0.634254 


0.0642 


-21.15±0.01 


0.756±0.039 


0.103 


0.042 


0.00 


587731187279331410 


3.771462 


0.642945 


0.0621 


-21.50±0.01 


0.662±0.017 


0.002 


0.179 


0.32 


588015508734148754 


3.789492 


-0.366536 


0.0661 


-22.18±0.01 


0.687±0.018 


0.013 


0.070 


0.40 



Table A2. A Sample of Face-On, "Disky" Blue Spirals. (The full table is available in the online version of the paper.) 



SDSS objid 


RA (J2000 deg) 


Dec (J2000 deg) 


Rcdshift 


M r 


iff ~ r) 


"Redness" 


log(a/6) 


f racdeV 


587727225690259639 


0.276560 


-10.400263 


0.0754 


-21.41±0.01 


0.434±0.020 


-0.225 


0.084 


0.12 


587727225690259660 


0.325174 


-10.426144 


0.0767 


-21.03±0.02 


0.561±0.028 


-0.090 


0.078 


0.07 


587730773888991473 


0.566363 


14.671807 


0.0834 


-20.91±0.02 


0.503±0.035 


-0.145 


0.106 


0.06 


588015510343385206 


0.665200 


0.942673 


0.0807 


-22.38±0.01 


0.632±0.018 


-0.046 


0.079 


0.22 


588015510343516321 


0.941711 


0.854914 


0.0611 


-20.69±0.01 


0.378±0.023 


-0.266 


0.185 


0.00 
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